Effect of image quality on calcification detection in digital mammography
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Purpose: This study aims to investigate if microcalcification detection varies significantly when mam-
mographic images are acquired using different image qualities, including: different detectors, dose lev-
els, and different image processing algorithms. An additional aim was to determine how the standard
European method of measuring image quality using threshold gold thickness measured with a
CDMAM phantom and the associated limits in current EU guidelines relate to calcification detection.
Methods: One hundred and sixty two normal breast images were acquired on an amorphous sele-
nium direct digital (DR) system. Microcalcification clusters extracted from magnified images of sli-
ces of mastectomies were electronically inserted into half of the images. The calcification clusters
had a subtle appearance. All images were adjusted using a validated mathematical method to simu-
late the appearance of images from a computed radiography (CR) imaging system at the same dose,
from both systems at half this dose, and from the DR system at quarter this dose. The original 162
images were processed with both Hologic and Agfa (Musica-2) image processing. All other image
qualities were processed with Agfa (Musica-2) image processing only. Seven experienced observ-
ers marked and rated any identified suspicious regions. Free response operating characteristic
(FROC) and ROC analyses were performed on the data. The lesion sensitivity at a nonlesion local-
ization fraction (NLF) of 0.1 was also calculated. Images of the CDMAM mammographic test
phantom were acquired using the automatic setting on the DR system. These images were modified
to the additional image qualities used in the observer study. The images were analyzed using auto-
mated software. In order to assess the relationship between threshold gold thickness and calcifica-
tion detection a power law was fitted to the data.

Results: There was a significant reduction in calcification detection using CR compared with DR:
the alternative FROC (AFROC) area decreased from 0.84 to 0.63 and the ROC area decreased from
0.91 to 0.79 (p < 0.0001). This corresponded to a 30% drop in lesion sensitivity at a NLF equal to
0.1. Detection was also sensitive to the dose used. There was no significant difference in detection
between the two image processing algorithms used (p > 0.05). It was additionally found that lower
threshold gold thickness from CDMAM analysis implied better cluster detection. The measured
threshold gold thickness passed the acceptable limit set in the EU standards for all image qualities
except half dose CR. However, calcification detection varied significantly between image qualities.
This suggests that the current EU guidelines may need revising.
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Conclusions: Microcalcification detection was found to be sensitive to detector and dose used.
Standard measurements of image quality were a good predictor of microcalcification cluster
detection. © 2012 American Association of Physicists in Medicine.

[http://dx.doi.org/10.1118/1.4718571]
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I. INTRODUCTION

Commercially available direct digital (DR) and computer-
ized radiography (CR) mammography systems vary greatly
in terms of physical performance and cost. Some large clini-
cal trials have provided insight on the clinical performance of
various detectors."> One of these, the ACRIN DMIST studyl
was a large prospective study in which patients were imaged
on both screen-film and digital systems. This study found the
overall diagnostic accuracy for screen-film and digital to be
similar, but digital mammography was more accurate in
women under the age of 50 yr, women with radiographically
dense breasts, and pre- or perimenopausal women.

A subsequent retrospective study compared accuracy for
cancer diagnosis of separate digital mammography manufac-
turers with screen-film mammography.® This study found
that there was no significant difference in accuracy of cancer
diagnosis for soft-copy digital and screen-film mammog-
raphy for the three digital manufacturers investigated. The
authors did not intend to compare one digital manufacturer’s
equipment to another but to compare digital with screen-film
mammography for each digital manufacturer. Since different
women were imaged on different digital systems it would
not have been possible to perform a paired comparison
between different manufacturers.

As well as different digital systems, each system can be
operated in a variety of ways that affects its performance.
The automatic exposure control (AEC) can be set to give a
higher or lower dose for a particular breast thickness. Also
each manufacturer’s system uses a different image process-
ing algorithm. Therefore, as well as investigating the effect
of different detectors on calcification detection, it is also im-
portant to investigate the effect of dose and image
processing.

Previous work comparing the detection of microcalcifica-
tion clusters in mammographic images have found mixed
results. > A phantom study4 found that an a-Se FP detector
outperformed a CCD system, a high resolution CR detector,
and a SF system. Finally, a prospective clinical study’ found
that detection of lesions containing calcification was higher
with an a-Si DR detector compared to CR. Both these stud-
ies, however, suffered from one of the following limitations:
images of phantoms were used rather than clinical images,”
hard copy of digital images was viewed®” (this is not current
clinical practice in the United Kingdom), subjective meas-
ures of image quality were used” and sophisticated ROC
(response operating characteristic)/Free ROC analysis was
not performed.

The effect of change in dose on microcalcification detec-
tion has also been investigated in the past.>™® Two studies
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using phantom and clinical images with simulated calcifica-
tions found a significant reduction in detection at quarter the
dose level but not half the dose level.”® Both these studies
used a location-known exactly experimental paradigm.
Using this paradigm is a limitation if it is aimed to predict
the clinical performance that requires both search and classi-
fication.” A further study® inserted simulated mass and calci-
fication clusters into clinical images. These images were
then simulated to 50% and 30% of the original dose level.
The entire image was viewed during the study and observers
were required to localize the lesions prior to rating the lesion
on how confident they were that they had identified a lesion.
This study found a significant reduction in detection at 50%
and 30% the original dose level.

Finally, several previous studies have investigated the
effect of image processing on calcification detection.'®™"?
One small study'? found no significant difference in detec-
tion due to image processing. Three other studies®'*'* com-
pared digital images with different image processing to
screen-film imaging, but did not compare image processing
software directly. The remaining study by Zanca et al.''
used unprocessed clinical images into which simulated calci-
fication clusters were inserted. This study found significant
differences in detection between several image processing
algorithms.

In theory, one could investigate calcification detection by
organizing clinical trials to measure detection for different
image qualities. In practice, such trials would be very expen-
sive due to the low incidence of cancer in screened popula-
tions and there would be ethical issues if there were multiple
radiation exposures on the same women. The alternative
approach used here mimics mammographic imaging by
inserting simulated calcification clusters into normal digital
mammograms acquired with an amorphous selenium DR de-
tector. The images were then modified using a method
described previously'* to have the appearance of images
acquired on a CR detector typical of the single-sided granu-
lar type widely used in Europe. The images were also modi-
fied to have the appearance as if they were acquired on both
systems at lower dose levels. An advantage of this approach
is that the inserted calcifications and anatomical back-
grounds were identical between the different test sets used in
the observer study. This is important because variations in
anatomical background are expected to have a major impact
on cancer detection and are a confounding factor in studies
of this type. Thus, our approach allowed paired comparisons
of images of different image qualities and was suitable for
FROC analysis, overcoming the limitation of some of the
previous studies described above.
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There are various methods of measuring the physical per-
formance of digital mammographic imaging systems. Cur-
rently acceptable and achievable limits of image quality as
set in the European protocol for the quality control of the
physical and technical aspects of mammography screening'”
are based on images obtained with the CDMAM mammog-
raphy test object (Artinis Medical Systems, Zetten, The
Netherlands). The acceptable limit is the border between ac-
ceptable and unacceptable performance of a system and the
achievable limit is the performance which systems should
aim to achieve. However, it is uncertain how the results of
such tests relate to clinical performance. An obvious criti-
cism of the test object is that it lacks structured noise equiva-
lent to normal breast structure. Another difference is that
current measures of image quality use unprocessed images
of test objects, whereas radiologists only look at images that
have undergone additional processing, e.g., by reducing
noise and/or enhancing edges and contrast. There has been
very little work investigating this in the past. Carton er al.'®
performed three different contrast resolution tests for four
different detectors: noise equivalent quanta (NEQ), contrast-
detail curves using the CDMAM phantom and detection of
simulated calcifications in mastectomy samples. All three
tests ranked the systems in the same order but the correlation
between contrast-detail curves and detection of simulated
calcification was not directly reported. There is an urgent
need to assess how performance assessed using the CDMAM
phantom relates to cancer detection and whether the current
limits for image quality are set appropriately.

In summary, this work aims to answer three questions:
Is calcification detection affected by a change in digital
mammography detector, dose level, and image processing?
How do measures of the physical performance of digital
mammography systems relate to calcification detection?
Are the current limits for such physical measurements set
appropriately?

Il. MATERIALS AND METHODS

The methodology comprises the following parts (a) case
preparation for observer study (b) observer study, and (c)
CDMAM measurements. The study protocol was approved
by the regional research ethics committee.

Il.LA. Case preparation

The case preparation consisted of the stages (1) breast
image collection, (2) cluster collection, (3) cluster character-
ization, (4) image creation, (5) image modification, and (6)
image processing.

I.LA.1. Breast image collection

One hundred and sixty two unprocessed anonymous
patient images were collected from a Hologic Selenia mam-
mography unit (Hologic, Inc., Bedford, MA). These images
were read as normal but there has been no follow up to con-
firm this. Each image used in the study was a single view of
one patient’s breast: the view (CC or MLO) and breast (left
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or right) were randomly selected. Ideally, two views of both
breasts would be displayed as would be the case in the clinic.
However, only 2D simulated calcification cluster images
were available and these could not be reoriented for insertion
into both views.

Patients were aged between 47 and 73 yr and had been
referred for a mammography examination as they were ei-
ther symptomatic or high risk. The compressed breast thick-
nesses ranged from 24 to 92 mm (average of 54 mm), mean
glandular dose for a 50-60 mm breast was 2.09 mGy, calcu-
lated using the methodology described in the European pro-
tocol.'” The images were acquired at 24-34 kVp (average of
29 kVp), with a target/filter combination of either molybde-
num/molybdenum or molybdenum/rhodium. The pixel size
was 70 um.

II.A.2. Cluster collection

Simulated calcification clusters were extracted from
unprocessed digital images of sliced mastectomy samples
(average thickness 5 mm) from seven patients acquired at
x5 magnification (effective pixel size of 10 um) on a digital
x-ray specimen cabinet (Model No. MX 20 DC2 Faxitron
Bioptics, LLC, Lincolnshire, IL). All clusters used were
from malignant lesions. The method used for calcification
cluster simulation was a slightly modified version of that
used previously, which is described extensively.''!”'®
Therefore, this text concentrates mainly on the differences of
this method from that used previously. In the work of Zanca
et al.,11 the entire calcification clusters were extracted in a
single operation. This has the advantage of maintaining the
spatial orientation of the calcifications within the cluster,
which can be a predictive factor of malignancy. However,
the anatomical background within the cluster can generate
undesirable structures surrounding the calcifications. There-
fore, in this work, each calcification was extracted sepa-
rately. A small region of interest (ROI,.) containing each
calcification was cropped from the image of the breast tissue
sample. The mean background pixel value within ROl
was calculated from the mean pixel value of smaller regions
drawn within ROI, but outside of the calcification. Each
pixel value in ROl was divided by the mean background
pixel value, generating a normalized calcification image.
The pixels in ROl with values higher than the mean back-
ground (due to the nonuniform soft tissue structure) resulted
in pixel values greater than one in the normalized calcifica-
tion image. These were assigned a value of one, so that
when the calcification cluster was multiplied by the unpro-
cessed breast image during insertion, these pixels associated
with the background were not altered in the unprocessed
breast image. This may have left background in the vicinity
of the calcification due to background pixel values being
lower than the mean. This method does, however, avoid the
creation of unrealistically sharp edges on the extracted
calcifications.

This was repeated for all calcifications within the cluster
and the calcifications were recombined into the original spa-
tial configuration creating a normalized cluster image.
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Thirty-three unique normalized cluster images were gener-
ated from seven mastectomy slices in this way (several clus-
ters were extracted from each sample). At x5 magnification,
the field of view of the specimen cabinet was 1 cm x 1 cm
and so all clusters encompassed an area smaller than
lemx 1 cm.

The number of unique cluster templates which could be
generated was limited by the number of mastectomy samples
available during the period of preparation for the study.
However, it was preferable to use a large number of clusters
in the study as this is expected to increase the statistical
power.'? Therefore, to increase the numbers available the
calcifications within each cluster were rearranged. When
rearranging the calcifications the orientations of the calcifi-
cations were unchanged but the positions of their centroids
were swapped. The rearranged clusters were inspected by a
radiologist who confirmed that they looked sufficiently dif-
ferent in the image to the original clusters, and so could be
treated as unique clusters. Including the original 33 clusters,
this gave a total of 66 clusters. Forty-seven of the clusters
were repeated twice within the image set; however, each
repeated cluster was rotated and/or flipped horizontally or
vertically in relation to the original cluster. The final number
of clusters inserted into the clinical images was 113.

IlLA.3. Cluster image characterization

The area of each calcification was characterized by calcu-
lating the number of pixels covered by a calcification. This
was then converted to equivalent area (square millimeter).
From this, the calcification diameter was defined as the di-
ameter of a disc with this area.

Each cluster was quantified in terms of its diameter and
the number of contained calcifications. Each cluster con-
tained calcification in different spatial configurations. There-
fore, to compare the sizes of clusters, the area was calculated
using the convex hull, i.e., the smallest polygon which would
fully enclose the cluster. The cluster size was then calculated
as the diameter of a disc of area equal to that calculated
using the convex hull.

Il.A.4. Cluster image contrast and sharpness
correction

As described in Sec. II.A.2, each cluster was imaged in a
digital specimen cabinet at high magnification within a thin
specimen. If the cluster had been within a patient’s breast
when imaged its appearance would have differed because of
the decreased magnification, increased scatter and decreased
subject contrast due to increased thickness of surrounding
breast tissue and the different imaging system and imaging
parameters used when acquiring the image. Therefore, prior
to inserting the cluster template into a normal breast image,
the appearance of the cluster image was adjusted to account
for these changes. First, the contrast of the calcification clus-
ter was adjusted appropriately using aluminum and poly(-
methyl methacrylate) (PMMA) as calibrating materials
which were imaged in the x-ray specimen cabinet and on the
DR detector using the appropriate imaging parameters. The
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suitability of aluminum as a material to represent calcifica-
tions has been demonstrated previously.’**' Accordingly, in
our measurements, aluminum was imaged on top of PMMA
of thickness equivalent to the sliced mastectomy samples
and the compressed breast thickness of the clinical image
into which the simulated cluster will be inserted. Therefore,
the effect of scatter was incorporated in the measurement.
The equivalence described in Dance et al.?* and also used in
the European protocol'® between different thicknesses of
PMMA and breasts of typical composition was assumed. In
effect, this procedure takes account of the breast thickness
and assumes typical composition. It does not account for the
actual composition of the individual breast corresponding to
each mammogram. However, the error involved is small and
the accuracy adequate for this purpose.”>>> The convertor
blur and focal spot blur of the specimen cabinet x-ray was
then effectively removed and the convertor blur and focal
spot blur of the DR detector applied using the modulation
transfer function (MTF) of both systems, thereby correcting
the sharpness of the cluster image. Finally, the cluster image
was resampled using nearest neighbor averaging at the pixel
size of the DR detector. This process has been described and
validated elsewhere.'”-'#2%-27

I.LA.5. Image creation

Half of the 162 normal breast images collected (see Sec.
II.A.1) had 1-3 cluster templates inserted [using the software
sarA (Ref. 28)]. Of the 81 abnormal images 70% had one
cluster inserted, 20% had two clusters inserted and 10% had
three clusters inserted (replicating the proportions used by
Zanca et al.'"). This encourages readers to search for more
clusters after finding one or two and replicates clinical real-
ity. At the location of each cluster insertion, the pixel value
of each pixel in the normalized cluster image was multiplied
by the pixel value of the corresponding pixel in the unpro-
cessed linearized breast image. The regions of breast tissue
into which the clusters were inserted were assigned to the
broad categories: glandular, fatty, mixed with high density
structure, and mixed without high density structure. The
regions were selected so that there were equal numbers of
each category in the study.

Clusters were inserted in any location over the breast
(excluding the nipple and skin edge). All images were
reviewed by an experienced radiologist for the realism of the
cluster and its location in the breast. This resulted in 81
images with inserted calcification clusters (abnormal images)
and 81 images which remained normal. These 162 images
are referred to below as “normal dose DR” images.

Examples of calcifications inserted into each of the four
categories of background (taken from four different clinical
images) are shown in Fig. 1.

I.LA.6. Image modification

The normal dose DR images were copied and modified to
generate image sets at four different image qualities: CR
images at the same dose level as the normal dose DR images
(“normal dose CR”) and at half this dose level (“half dose
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Fic. 1. Examples of clusters used in the observer study inserted in four different categories of background: (a) fatty, (b) mixed without high density structure,
(c) mixed with high density structure, and (d) glandular. Each image segment is 200 x 200 pixels (pixel size of 70 um.

CR”), and DR images at half and quarter the original dose
level (“half dose DR” and “quarter dose DR,” respectively).
The CR system simulated is not exactly like one particular
CR system but instead representative of the so called
“phosphor powder plates” available. We have characterized
the system which has been simulated in terms of perform-
ance with the CDMAM test object to investigate how its
performance compares with other systems. This simulation
was achieved using the validated methodology described by
Mackenzie et al.'* where differences in the MTF, noise
power spectra, and signal transfer properties were accounted
for.

The modification process to simulate the four different
image qualities described above consists of several stages. In
the description of these stages, the DR system is called the
original system and the image quality being simulated, e.g.,
half dose DR or normal dose CR, is called the target system.
First, the unprocessed image from the original system was
linearized. This linearized image was then blurred in the
Fourier domain by multiplying by the ratio of the pre-
sampled MTF of the target system to the presampled MTF
of the original system. The blurred image was in turn then
multiplied by a factor to account for the dose change
between the target and original systems. The latter multipli-
cation does not account correctly for the change in image
noise between the original and target systems and a zero
mean image with the appropriate amount of correlated noise
was finally added to account for this difference. The simula-
tion procedure required the NEQ of the image being simu-
lated to be poorer than the NEQ of the image from which it
is being simulated. This holds true for CR and DR at the
same dose level as shown in Fig. 2(a) which displays the
NEQ of the Hologic Selenia DR and simulated CR at an
incident air kerma to the detector of 89 uGy. The simulated
CR image was not resampled and so had a pixel size of
70 um. The simulation methodology has been validated using
quantitative measurements of the MTF, NPS, and threshold
gold thickness (using the CDMAM test object) for real and
simulated images.'* The MTF and NNPS of the simulated
images closely matched that of the real images. The MTFs of
the DR and simulated CR system are shown in Fig. 2(b). The
threshold gold thicknesses for the CDMAM test object for the
simulated and real images were also similar.
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ILA.7. Image processing

The final step in the imaging chain prior to display was
processing the images using a commercial image processing
package. The two packages available were from Hologic
who manufactured the DR system used to obtain the original
images and Agfa Musica-2 (Agfa Healthcare, Mortsel, Bel-
gium). The normal dose DR images were processed with

x10°
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=== CR x-direction
— CR y-direction
DR x-direction
39 — DR y-direction

==+ CR x-direction
— CR y-direction
DR x-direction

— DR y-direction
OC ) ) ) ) ] ) |
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Frequency (mm'l)

(b)

FiG. 2. Characterization measurements on Hologic Selenia DR system and
simulated CR used in study. (a) NEQ for DR and simulated CR (incident air
kerma to detector =89 uGy) and (b) MTF for DR and simulated CR.
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both Hologic and Agfa image processing software. All other
image quality levels were processed only with the musica
software. The musica software is useable for a range of
detectors and has been routinely used with images from sys-
tems using both DR and CR detectors making it suitable for
this study where two detector types were being compared.
Examples of the same portion of an image with inserted clus-
ter, at the six different image qualities described in Sec. I A,
are shown in Figs. 3(a)-3(f). In the study, observers
inspected the entire image not just the portion shown in the
figure.

II.B. Study protocol

Seven observers took part in the study: five radiologists
and two radiographers all certified as defined by the UK
NHS Breast Screening Programme?” and reading a minimum
of 5000 examinations per year. Each observer read 972
images (162 images at each of six image qualities). The ob-
server study was performed in our laboratory. The room illu-
minance was monitored before each session and was
maintained at the ambient level of 3.6-8.2 1x.** The breast
images were displayed on calibrated 5 megapixel monitors
(BARCO Model: MDMG-5121) using SARA software®® and
were scaled to fit the monitors. Since the DR and CR images
used in the study had the same pixel size this scaling factor
was the same for all image qualities. After discussion with
local radiologists, this method of displaying images mirrored
clinical practice. An electronic magnification tool (dimen-
sions 200 x 200 pixels) was provided which could be moved
freely over the image to display the selected portion of the
image so that one monitor pixel corresponded to one image
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pixel. The observers were asked not to alter the window or
zoom the entire image.

Every observer inspected 162 images in a session with a
break after 81 images. To minimize the effect of learning dur-
ing the course of the study, equal numbers of images from the
six image qualities were randomly distributed in each session
with a minimum of 1 week between sessions. Prior to the
study observers were trained for the task using a pilot study of
60 images and 50 calcification clusters not included in the
current study. Before starting each session, the observers
reviewed a short training set comprising five images not
included in the study to refamiliarize with the task and the
software. The observers were asked to ignore single calcifica-
tions and vascular calcification. On identifying a suspicious
region within an image, the observer marked its location and
assigned a rating on a five point scale according to their confi-
dence that the suspicious region was a calcification cluster:

. Probably not a calcification cluster

. Possibly a calcification cluster

. Somewhat confident this is a calcification cluster
. Moderately confident this is a calcification cluster
. Very confident this is a calcification cluster.

DN AW~

Observers were encouraged to use the full range of scores
as required for statistical analysis. The co-ordinates of the
marked location and the rating were recorded automatically
for subsequent statistical analysis.

Il.C. Statistical analysis

The most commonly used method for comparing the per-
formance of different imaging modalities is ROC analysis.

(@ (®) ()
(d) (e ()
FiG. 3. Processed regions of interest (200 x 200 pixels) from an image in the study at all image qualities; (a) normal dose DR images with Hologic image proc-

essing, (b) normal dose DR images with Agfa image processing, (c) half dose DR with Agfa image processing, (d) quarter dose DR images Agfa image proc-
essing, (e) normal dose CR with Agfa image processing, and (f) half dose CR with Agfa image processing.

Medical Physics, Vol. 39, No. 6, June 2012
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However, ROC analysis does not take into account the loca-
tion of the disease or multiple disease sites on a single
patient image. FROC analysis can be used to overcome this
limitation and has been used in similar studies.®''"?
When inspecting an image, if the observer correctly identi-
fies the location of a cancer within a specified area, this
results in a lesion localization (LL). If the observer marks
outside this specified area or marks a region on a normal
image, this is a nonlesion localization (NL). In this study,
the specified area was the area within the smallest rectangle
bounding the cluster. The points on the alternative FROC
(AFROC) curve are the lesion localization fractions (LLFs)
against the fraction of normal images with at least one NL at
a particular level of confidence. The most lax point is when
all suspicious regions marked within the rectangle contain-
ing the cluster with a score 1-5 are considered a LL. The
most stringent point is when only suspicious regions marked
within the specified area with a score 5 are considered a LL.
There are then three intermediate points between these two
extremes. The performance of an observer inspecting images
of a particular image quality is expressed as a figure of merit
(FoM) calculated as the trapezoidal area underneath the
points in the AFROC curve when joined with a line segment
to (1,1).>* In this study jack-knifed FROC (JAFROC)* was
performed (using the software jaFrRoCc Version 4.0). Using
this methodology, each case was removed in turn from the
analysis, the FoM recalculated and a pseudovalue calculated
using the following equation:*

Pijk = NTFOM,:/‘]( — (NT — I)FOM,:/'(M. (1)

Here, FoM;;; is the figure of merit for the ith modality and
the jth reader when all the cases are used in the calculation,
and FoM;j, is the figure of merit for the ith modality and
the jth reader when case k is deleted. N7 is the total number
of cases.

The pseudovalues were then analyzed using the Dorfman-
Berbaum-Metz (DBM) analysis of variance (ANOVA) tech-
nique,® and the reader-averaged JAFROC FoM for each
image quality and the associated 95% confidence intervals
(CIs) were calculated. The confidence limits for differences
in FoM between different image qualities were estimated
using the same methodology.

Since ROC analysis is a common method of analysis for
studies comparing modalities, this was also performed as a
secondary analysis. The equivalent ROC rating was assumed
to be the highest FROC rating for a given image and a score
of 0 was assigned to any unmarked images. ROC analysis
was performed using the software pBM MrRMC Beta Version
2.0. The figure of merit for ROC analysis is the area under-
neath the trapezoidal ROC curve.

Finally, many previous studies using FROC analysis
quote lesion localization fraction (LLF) and nonlesion local-
ization fraction (NLF) pairs.6‘3l’36’37 We have also calculated
the LLF at a NLF of 0.1. The NLF rate seen clinically would
be much lower; however, this was the lowest possible NLF
value which allowed stable results.
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II.D. CDMAM measurements

Images of a CDMAM test object were obtained as
described in the European protocol.'””> The CDMAM test
object (Fig. 4) consists of a matrix of gold discs with thick-
nessses from 0.03 to 2 um and diameters from 0.06 to 2 mm
on a 2 mm aluminum base encased in PMMA.

The phantom was positioned with 20 mm PMMA blocks
above and below. Sixteen images of the CDMAM phantom
were acquired using the AEC selected imaging parameters
(29 kV molybdenum target and rhodium filter) on the DR
system. The CDMAM images were then modified as
described in Sec. ILLA.6 to have the appearance of CR
images at the same and half the original dose level and DR
images at half and quarter the original dose level. Each set
of unprocessed images was automatically analyzed to deter-
mine the threshold gold thickness at all disc diameters.*~**
The measurements were then compared to the limiting
threshold gold thickness for the 0.1 and 0.25 mm gold disc
diameters as set out in the European protocol.'”

Ill. RESULTS
lll.LA. Calcification characterization

The diameter of the clusters used in the study ranged
from 1.23 to 8.50 mm with a mean value of 3.89 mm [Fig.
5(a)] and the number of calcifications per cluster ranged
from 7 to 46 with a median value of 16 [Fig. 5(b)]. The di-
ameter of a single calcification ranged from 0.05 to 1.18 mm
with a mean value of 0.21 mm.

lll.B. Observer study

The raw data points and fitted AFROC curves for two
observers who took part in the observer study are shown in
Fig. 6 (the two observers were randomly selected from the
total seven). Error bars are shown for three image qualities
and display the 95% confidence interval calculated by boot-
strapping the data. The reader-averaged AFROC curve for
all six image qualities is shown in Fig. 7.

The figures show that there is a large drop in performance
both with decreasing dose and also when inspecting CR

Fic. 4. CDMAM test object.
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images compared to DR. The reader-averaged FoM and 95%
CI for both JAFROC and ROC analysis are given in Table 1.

The reader-averaged LLF (or lesion sensitivity) at NLF
equal to 0.1 is also given Table I. Lesion sensitivity dropped
by 30% at this NLF for CR compared to DR at the same
dose level. There were also 25% and 12% drops in lesion
sensitivity when halving the dose for DR and CR,
respectively.

The ANOVA procedure displayed significant differences
in performance between several image quality pairs (Fig. 8).
The error bars are the associated 95% confidence limits. The
difference in FoM between two image qualities is significant
if the 95% confidence interval does not include zero. From
this figure, it can thus be seen that the same image quality
pairs were found to be significantly different from one
another when using ROC or JAFROC analysis. The other
eight possible pairs compare image qualities where multiple
factors have changed, e.g., normal dose DR versus half dose
CR and so are less noteworthy. The observers’ detection per-
formance decreased significantly when inspecting CR
images compared to DR images at the same dose level with
Agfa image processing (change in JAFROC FoM of —0.20
[95% confidence interval CI: —0.25, —0.14]). Detection per-
formance also decreased significantly when halving the DR
and CR doses (change in JAFROC FoM of —0.15 [95% CI:
—0.21, —0.10] and —0.09 [95% CI: —0.14, —0.03] for DR
and CR, respectively). In addition, there was a significant
difference in detection performance between DR at half and
quarter the dose level (change in JAFROC FoM of —0.15
[95% CI: —0.21, —0.10]). Finally, the observers’ perform-
ance did not differ significantly between the two types of
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Fic. 6. AFROC curves for two observers [(a) and (b)] inspecting the six
image qualities. The crosses show the raw data points calculated using the
confidence scores for three of the image qualities. The associated error bars
show the 95% confidence intervals estimated using bootstrapping. Data
points and error bars for the remaining three image qualities have been omit-
ted to reduce clutter in the figure.

image processing investigated (change in JAFROC FoM of
—0.005 [95% CI: —0.060, 0.05]).

I1l.C. CDMAM measurements

The threshold gold thickness for each image quality is
plotted against the corresponding dose for the 0.1 and 0.25
mm disc diameters in Figs. 9(a) and 9(b), respectively. A
power law has been fitted to the data as performed when
test-typing digital mammography equipment.'>*® The ac-
ceptable and achievable limits for the 0.1 and 0.25 mm disc
diameters set in the European protocol'® are also shown,
along with the dose limit for a breast equivalent to 50 mm
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thickness of PMMA. Following the European protocol, a
system must perform below the dashed line denoting the ac-
ceptable limit and to the left of dashed line denoting the dose
limit. From the figures, it is evident that a wide range in per-
formance was simulated in this study. However, all image
qualities apart from half dose CR passed the acceptable
limit.

ll.D. Relating CDMAM threshold gold thicknesses and
observer performance

In order to determine the relationship between CDMAM
threshold gold thickness and reader performance, the reader-
averaged JAFROC figure of merit for each image quality has
been plotted against the threshold gold thickness determined
from the CDMAM images for the 0.1 and 0.25 mm disc
diameters [Figs. 10(a) and 10(b)]. A power law relationship
has been fitted to the data, which shows a strong correlation
for both detail sizes (R*=0.94 and R*=0.88 for 0.1 mm
and 0.25 mm disc diameters, respectively). The probability
that such a relationship would occur by chance is less than
or equal to 5% (p < 0.05). It can therefore be concluded that

lower threshold gold thickness suggests good calcification
cluster detection, and so CDMAM measurements provide a
measure of performance which is relevant to calcification
detection.

IV. DISCUSSION

This observer study found significant differences in calci-
fication detection between several of the image quality pairs
investigated. There was a significant reduction in calcifica-
tion detection when inspecting CR images compared with
DR images. This result is consistent with the prospective
study by Schueller ef al.” in which 150 patients were imaged
on both a CR and DR detector. More calcifications were
detected using DR compared with CR. We feel our work
overcomes several limitations of this study. In the study by
Schueller er al.,” images were printed on film before being
read, whereas our study better replicated clinical practice in
the United Kingdom where the majority of digital images
are read soft copy. Additionally, when imaging the same
patient on two different modalities (CR and DR), it is impos-
sible to achieve exactly the same patient position and com-
pression. This would result in a difference in the appearance
of the breast structure in the images, which would have an
unmeasureable effect on cancer detection. In our study, how-
ever, the use of simulated images allows a paired compari-
son of CR and DR with no difference in positioning. The
simulated CR image quality levels were representative of the
so called “powder phosphor” CR plates, as opposed to the
needle photostimulable phosphor based CR systems which
have been shown to have better physical performance.*'

Microcalcification detection was also found to be signifi-
cantly reduced when halving and quartering the dose level.
In two previous studies’® a significant difference in calcifi-
cation detection was evident between full and quarter dose
images but not between full and half dose images. In both
these studies, the localization aspect of the task was
removed. The result found in our study is, however, in agree-
ment with the previous study by Ruschin ez al.® which had a
very similar design to the study described in this current
work. There are, however, some differences between the two
studies. Ruschin et al. used a smaller number of unique clus-
ters (5 compared to 66 in the present study) and the cluster
sizes were much larger (average diameter =9.1 mm com-
pared to 3.9 mm in this study). Finally, Ruschin et al. only

TaBLE I. Reader-averaged JAFROC and ROC FoM and reader-averaged LLF at a NLF equal to 0.1 for all six image qualities. Image qualities 1 and 2 are clin-
ical images processed with both Hologic and Agfa Musica-2 image processing. Image qualities 3—6 are simulated image qualities from the original clinical

images.

Reader-averaged FoM (95% confidence intervals)

Image quality

Image processing

JAFROC

Normal dose DR

Hologic

0.83(0.78, 0.88)

1

2 Normal dose DR Agfa (Musica-2) 0.84 (0.80, 0.88)
3 Half dose DR Agfa (Musica-2) 0.68 (0.60, 0.75)
4 Quarter dose DR Agfa (Musica-2) 0.52 (0.43, 0.62)
5 Normal dose CR Agfa (Musica-2) 0.63 (0.56, 0.70)
6 Half dose CR Agfa (Musica-2) 0.55(0.45, 0.64)

ROC Reader-averaged LLF at NLF of 0.1
0.91 (0.87,0.94) 0.70
0.91 (0.87, 0.95) 0.72
0.82 (0.77, 0.86) 0.47
0.70 (0.65, 0.75) 0.27
0.79 (0.74, 0.84) 0.42
0.70 (0.65, 0.76) 0.30

Medical Physics, Vol. 39, No. 6, June 2012



3211 Warren et al.: Image quality and calcification detection in digital mammography 3211

0.3

33 JAFROC FoM
=3 ROC FoM

ﬂﬁiﬁ {u

T
DR (Half)

.
1

Difference between figure of merit (FoM)
for several IQ pairs

-0.14

0. T T
DR (Norm) DR (Norm)

T T T
DR (Half) DR (Hologic) ~ CR (Norm) DR (Quarter)

vs vs vs vs vs vs vs
CR(Norm) ~ DR(Halff DR (Quarter) DR (Agfa) CR(Half) ~ CR (Norm) CR (Half)

Image Quality (IQ) pairs

FiG. 8. Difference in FoM between several image quality pairs (error bars
indicate 95% confidence intervals).

investigated the effect of dose on detection. Our study also
investigated the effect of change in detector providing a
wider picture as to the effect on detection of a change in
image quality and also allowed us to relate our results to
CDMAM measured threshold gold thickness. It is interesting
to note that the DR system in the present study happens to
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FiG. 9. Threshold gold thickness at five different image qualities: DR at nor-
mal, half, and quarter dose levels shown with disc points, and CR at normal
and half dose levels shown with square points: (a) 0.1 mm gold disc diame-
ter and (b) 0.25 mm gold disc diameter. Acceptable and achievable stand-
ards as set in the European protocol (Ref. 15) are also shown along with
dose limit for a breast thickness equivalent to 50 mm PMMA.
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Fic. 10. Reader-averaged JAFROC FoM from the observer study plotted
against the threshold gold thickness from CDMAM phantom images at the
same IQ for (a) 0.10 mm and (b) 0.25 mm gold disc diameter. DR at normal,
half, and quarter dose levels shown with cross points, and CR at normal and
half dose levels shown with diamond points The results from the observer
study include only images processed using Agfa image processing. The
CDMAM analysis was performed on the unprocessed image. Error bars rep-
resent the 95% confidence interval. The acceptable and achievable limits as
set in the European protocol (Ref. 15) are displayed as dashed lines.

operate at a relatively high dose [average glandular dose
(AGD) of 2.09 mGy for breasts 5060 mm thick]. Oduko
et al.** found that for different DR systems in the United
Kingdom the AGD for this breast thickness ranged from 0.8
to 2.2 mGy. Therefore, the half dose level considered here is
still clinically relevant.

There was no significant change in microcalcification
detection found between the two image processing algo-
rithms investigated which supports a previous smaller
study.12 This result is, however, contrary to the result found
by Zanca et al.'' The designs of our study and that of Zanca
et al. are very similar, suggesting that this difference in
results might be due differences in the image processing
algorithms investigated. Future research is required to clarify
the impact of image processing on calcification and mass
detection.

The calcification clusters used in the observer study
ranged in diameter and number of calcifications. The diame-
ter of individual calcifications also covered a range of val-
ues. Even so, the majority of clusters were small (mean
diameter = 3.89 mm), and would be considered subtle. In the
screening environment, a much wider range of size and visi-
bility of calcification clusters is present. Calculating the pro-
portion of malignant cancers detected through screening
which have the same characteristics as the clusters used in
this study would allow us to calculate the expected change
in cancer detection in a screening environment which
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corresponds to the change in calcification detection found in
this study.

We have shown that a good physical performance meas-
ured using the CDMAM phantom was matched to good per-
formance in the observer study. This would imply that
CDMAM-determined threshold gold thickness is a good pre-
dictor of microcalcification detection. All image qualities
apart from half dose CR passed the minimum acceptable
image quality standard as set in the European protocol,'” for
both the 0.1 and 0.25 mm gold disc diameters (Fig. 9). How-
ever, statistical analysis demonstrated significant differences
in detection between several image quality pairs (Fig. 8).
When considering the optimal use of x-ray imaging technol-
ogy in breast cancer screening it is important to consider
both risk and benefits. These results provide some data from
which to estimate the risks and benefits of using greater or
lower radiation dose levels. For example, it would seem to
be unwise to operate equipment at relatively low dose levels
as the reduction in radiation risk may be more than offset by
a reduction in cancer detection. Similarly, these results sug-
gest that the use of better quality detectors may improve can-
cer detection at the same dose levels. Such considerations
are likely to lead to a revision of the standards in the Euro-
pean Guidelines to ensure adequate detection of calcifica-
tions. One option would be to require that systems be as
good as or better than the achievable image quality level to
optimize calcification detection while meeting existing dose
limits. It is expected that most modern DR system could
meet such a standard.

Our study has two main limitations. Only calcification
clusters were inserted and not other radiological features
such as masses. The relationship between image quality and
detection may differ for various radiological features, and so
investigating both microcalcification and mass detection is
important. Also the calcifications inserted were all malig-
nant. Introducing benign calcification clusters would allow
any difference in recall (i.e., the interpretation of the feature
as well as detection) between the different image qualities to
be assessed.

V. CONCLUSIONS

Significant differences were found between detection of
subtle calcification clusters in CR and DR images at the
same dose level. There was also a significant reduction in
detection with reduced dose for both CR and DR images.
There was no significant difference in detection between the
two image processing algorithms investigated.

When relating the results of the observer study to the
measured threshold gold thicknesses for 0.25 and 0.1 mm
gold disc diameters, a smaller threshold gold thickness corre-
lated with better performance in the observer study. This is
an important new finding and demonstrates that threshold
gold thickness measurements using a CDMAM phantom
relate to calcification detection. However, when relating
measured threshold gold thickness measurements to Euro-
pean standards for mammographic image quality, image
qualities with significantly poorer calcification detection
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rates still gave better performance than the current minimum
acceptable standard. This suggests that the current EU stand-
ards may need revising.
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